The use of fluorescence induction measurements in leaves Infiltrated with 3-(3,4-dichlorophenyl)-1,1-dimethylurea has been evaluated as a routine method for estimation of the concentration of the reaction centers of photosystem II relative to total chlorophyll in a wide variety of plant species. The procedure is based on a simple theory that takes into account the attenuation of light in passing through the leaf and the linear dependence of the fluorescence induction time from different parts of the leaf on the inverse of the local ight intensity. A formula to calculate the reaction center concentration of photosystem II was obtained. The effect of the light attenuation is accounted for by a correction factor which could become practicafly insignificant by an optimal choice of the excitation and emission wavelengths and the geometry of the photodetector with respect to the sample. Estimation of quantum yields for pimary photochemistry and influence of light scattering were considered. The results demonstrate the effect of the above factors under various circumstances and are in agreement, to a first approximation, with the theory.
light attenuation is accounted for by a correction factor which could become practicafly insignificant by an optimal choice of the excitation and emission wavelengths and the geometry of the photodetector with respect to the sample. Estimation of quantum yields for pimary photochemistry and influence of light scattering were considered. The results demonstrate the effect of the above factors under various circumstances and are in agreement, to a first approximation, with the theory.
The utility of the method is demonstrated by a detailed study of four desert plant species: estimation of reaction center concentrations of both photosystem I (by estimation of P700) and photosystem II (by the fluorescence induction method) were made and were compared to the rates of CO2 fixation. There was a good quantitative correlation between the photosynthetic rates and the concentration of photosystem II reaction centers (expressed as per chlorophyll or per unit area of the leaf), but no such correlation was found with photosystem I reaction centers.
The ratio of total chlorophyll per reaction centers II varied in the range of about 200 to 800 in different species, but there was no variation of this parameter in any single species.
It is well established that the primary charge transfer processes of photosynthesis take place at reaction centers served by a large number of light-collecting antennae pigments (13, 15, 17, 32, 33, 40) plexes serving both PSII and PSI (1, 2, 26, 27, 38) . These numbers are probably quite variable in different species of the plant kingdom and in different environments. Since the over-all rate of photosynthesis on a Chl basis may be related to these numbers (39) , it follows that they are important in dealing with questions such as the efficiency of photosynthesis (24, 28, 30) , including adaptation to the environment [r.g. ambient light intensity level (5, 6, 31) or other conditions (3, 7, 23, 37) ].
Fluorescence induction in chloroplasts was previously used to obtain the concentration of the PSII electron-acceptor pool (19, 40) , as well as the concentration of the reaction centers (10, 11, 40) . The principle of the method lies in the equivalence between the number of quanta, which bring about the fluorescence change, and the magnitude ofthe electron acceptor pool. In the case where DCMU was added, the electron-acceptor pool is limited to the primary acceptor of the reaction center (40) , which is therefore computed directly from the fluorescence induction time and the absorbed-light intensity.
It was our aim to develop a method, based on the above principle, which would be applicable, not only to chloroplasts suspensions, but also to leaves. As a technique, clearly this has great advantages, such as rapidity and ease of measurement, coupled with the possibility to scan many plants in a short time. Work with leaves is required for species in which the activity of isolated chloroplasts might be severely impaired during isolation or storage. The greatest difficulty in applying fluorescence induction measurements to leaves is the fact that the light is severely attenuated in passing through the leaf, and the use of a welldefined light intensity, as for the case of dilute chloroplasts suspension is not applicable.
The main purpose here is 2-fold. First, a modified formula for the fluorescence induction is developed which takes into account the light attenuation by integrating the contributions to the fluorescence from various depths of the leaf. We show how ratios of reaction centers of PSII to the total ChM can be obtained in general.
Second, we applied this formula to analyze fluorescense induction curves of four desert plant species which exhibit distinctly different photosynthetic capacities. A quantitative correlation of photosynthetic rates with the concentration of RC H4 will be demonstrated.
The implication of our analysis is that either RCn themselves are limiting in the over-all photosynthetic process or, alternatively, a constant stoichiometry exists between RC11 and the rate-limiting enzyme(s). Numbers for the ratio of RCII to Chl have been obtained for many plant species to demonstrate the variability of this parameter. Within a single species at specified conditions, the variability is rather small.
Toward the end of the report given here, there is a somewhat deeper examination of several factors on which the method depends. To test the basic equation based on the light attenuation in the leaf, measurements were made at several wavelengths. We show that the observed fluorescence kinetics are indeed modified significantly by the light attenuation effect and are different at different wavelengths of emission and excitation in agreement with the theory. The effect of light scattering is also examined with the conclusion that in infiltrated leaves it is usually of no crucial importance.
This work is an extension of a previous report (21) .
THEORETICAL CONSIDERATIONS The light-induced rise of Chl-a fluorescence from a darkadapted initial value (Fo) to a maximum value (Fmax) (fluorescence induction) is believed to reflect the conversion of the primary acceptor (Q) of PSII from an oxidized to a reduced form by the light-induced primary charge separation reaction (19) : hp Q (low fluorescence Fo) -Q-(high fluorescence Fmax) (1) In presence of DCMU, no further electron transport from Q-is possible, and reaction 1 is limited to the conversion of Q to Qalone. To quantitate the fluorescence rise phenomenon, one introduces a quantity T, defined as the average time of the fluorescence rise, or induction time; it is equal to the time needed for completion of reaction 1 if proceeding with a constant rate equal to its initial rate. The induction time is equal to the area enclosed between the fluorescence curve [F = F (t)], the (vertical) axis (t = 0), and the maximal fluorescence horizontal line (F = Fmax) when the value Fmx-Fo is normalized to unity (19) .
The total number of photons required to accomplish reaction 1 is estimated by multiplying the rate of photon absorption with the fluorescence induction time (T). This number, multiplied by the efficiency of the photons, must be stoichiometric with the number of electron transfers which, in the presence of DCMU, is also equal to the number of reaction centers Q. From these considerations, it follows that for a sample unit area incident to a parallel beam of exciting light, the quantity of RC11 (in mol) is given by the formula (19) :
As RCn/(Chl) is a constant property of any given sample from the same source, it can be seen that the induction time (T), at a given intensity (I), does not depend on the Chl concentration of the sample nor the optical path, as long as the exciting light flux intensity remains uniform.
Consider now that the light intensity is attenuated in passing through a leaf. Each element ofdifferent depth will give a different contribution to T and to the total fluorescence. The observed induction time is an average ofcontributions from different depths of the leaf and would be longer than that expected from equation 5 on the basis of the known incident light flux hitting the top layer.
The dependence of [on the light flux can be written by the Iv t law (19) (also derivable from equation 5) Io to 1= I (6) where Io and To are values for the light intensity and induction time for a specified reference set of conditions (in our case, the top leaf layer) and Tis the induction time for any other intensity
The observed experimental induction time (T) will be related to To by taking into account both the attenuation of the incident light (extinction coefficient, es), and the fluorescence light (extinction coefficient, Ef) in passing from the place where it is emitted to the photodetector. The calculation is made for the experimental arrangement as shown in Figure 1 , where all the parameters are explained. The observed induction time is given by: (7) where 0 is the angle that the fluorescence makes with the vertical line (calculated from the photodetector angle and Snell's law) ( The calculations are detailed in Appendix I.) The difference between X and To is minimal when (Ei/ef)cos8 is small compared to 1. This is obtained using wavelength of small ei ( for Tand other parameters as well (14) .
Absorbance parameters of leaves and chloroplasts were determined by measurements using an integrating sphere. The A data obtained from chloroplasts were used to determine extinction coefficients for ChM in vivo (esi) used in the analysis of fluorescence induction from leaves. To correct for the fact that the integrating sphere is not ideal (apparent), A readings were taken at a wavelength which is not absorbed by the chloroplasts (i.e. 760 nm). These values were applied for correction of the values obtained at the wavelength of interest, by calculating optical densities and taking the difference. An example of results of such A measurements is found in Figure 2 . The readings in the integrating sphere showed linearity in the observed optical density and total Chl concentration ( Fig. 2) time (Fig. 3C ). This short time usually indicates that RC,, alone are involved in the reaction described by equation 1 . The fluorescence ultimately reaches a maximal steady level (F,,.). The control and water-infiltrated leaves (Fig. 3 , A and B) exhibit much slower transients. The slow rise to a peak point (P) (Fig. 3) reflects a reduction of a large pool of electron acceptors (40) . The subsequent decline to a steady level indicates a complex process involving the interaction of the two photosystems on the level of electron transport and "spillover" of excitation (18) . The fluorescence at the peak point (P) (Fig. 3) was usually below F,.z (as obtained with the DCMU-infiltrated leaves), particularly when the dark adaptation was short. It approached F. for long (sometimes -I h) dark adaptation. We also noticed the difference between the fluorescence kinetics of control (Fig. 3A) and water-infiltrated leaves (Fig. 3B ), which could be partly due to optical differences (infiltrated leaves scatter the light much less; see below for the effect of scattering) but could be due partly to the direct effect of added water. In the last case, the P -. S decline phase was less pronounced.
It could be argued that water (plus DCMU) infiltration might impair or change the primary PSII reaction. This is highly unlikely, however. The Fo level of fluorescence is much the same as with an intact leaf. The parameter 1 -(Fo/F.,), indicating the quantum yield of the photochemsistry, is usually high in DCMUinfiltrated leaves. (It was equal or even larger than from isolated chloroplasts). Similar values for this parameter could be obtained with intact leaves when long dark adaptation times were given and Fp,.a was substituted for F,..
Fluorescence transients, such as shown in Figure 3C , were used to calculate the induction time and, thereby, PSII PSU size, according to equation 8.
STUDY OF FOUR DESERT PLANTS: CORRELATION OF PSII PSU SIZE AND PHOTOSYNTHETIC CAPACITY
To see whether our numbers for the PSII PSU size were meaningful, a thorough study was made looking for correlation between PSII PSU size as obtained here, PSI PSU size (from P700 measurements), and maximal photosynthetic rates. Four species of markedly different photosynthetic capacity were chosen for the study here. Figure 4 shows data for the response of net CO2 uptake per unit leaf area as a function of the absorbed quantum flux density for leaves from each of the four species. C. brevipes possessed a rate Measurements of the effect of CO2 concentration on the rate of photosynthesis revealed that all four species had similar compensation points. Photosynthetic rates were stimulated to a similar (about 30%o) percentage by saturating CO2 concentrations, compared to the ambient (X250 ,ubar intercellular) levels (Fig. 5) .
Percent light-absorption values and Chl/unit area in the leaves are shown in Table I . With the exception of P. emoryi, the leaves of all the plants had similar values of percent absorption and Chl a/b ratios were similar for all the species.
Specific leaf weight and nitrogen content of the leaves of the four plants were also determined (Table I) . Although the four species possessed different fresh weights per area, the dry weights were very similar, with the exception of C. brevipes which was about 50%o greater. L. sparsiflorus had the greatest percentage of its leaf dry weight as nitrogen, whereas C. brevipes possessed the highest concentration of nitrogen on the area basis. It should be noted that the parameter of mg N cm-2 corresponded to the photosynthetic capacity of the plants.
Inspection of fluorescence induction curves, obtained in presence of DCMU (Figure. 6) shows very distinct differences in the induction times. Thus, P. emoryi required a shorter period of time to achieve the maximal level of fluorescence, indicating that it has more Chl serving the reaction centers of PSII that C. using the data of Figure 4 and linear extrapolation to zero reciprocal light intensity, the maximal rate was found for each species and was expressed in terms of unit area or per Chl (from the known Chl per unit area). This rate was further corrected to CO2 saturation value from the data of Figure 5 . The concentrations of RCn were calculated from the fluorescence induction according to equation 7; the details of the calculations are summarized in Table II . Figure 7 presents the relation between the reaction centers density of PSI and II and the photosynthetic rates. The estimation of the density of the RCII made by the fluorescence method correlates well with the photosynthetic rates, having a linear relationship which extrapolates to the origin. The constant ratio between the photosynthetic rate and the concentrations of the RC11 is consistent with a model in which the limiting enzymes(s) (E) has a constant stoichiometric ratio to the reaction centers of PSII and has similar turnover time (a). In a simple approach, one may write the photosynthetic rate as proportional to the concentration of E with a proportionality constant equal to the reciprocal of the turnover time (a). Thus one obtains:
( rate \ rate \ (RCu) (RC,,)
From the data in Figure 5 , a similar value for a (RCu,/E) was calculated for the four species being around 32 ± 5 ms (Table II) . This is close to the turnover time in photosynthesis as determined by short saturating flashes [e.g. around 20 ms in Chlorella (13)], suggesting a ratio of E/RCi of the order of unity. A similar correlation between photosynthetic rates and PSU sizes, determined by indirect methods, was obtained previously for few cases (28, 39 ).
The correlation above gives an indirect support to the initial assumption that the a2 factor does not vary to a significant extent. Also, these plants had similar Chl a/b ratios. It seems that PSII PSU size and Chl a/b ratio are not obligatorily related. It was observed (2, 26, 27, 38) that there is a difference in PSU size resulting from differences in the amount of the light harvesting Chl a/b complex, with a concomitant difference in the Chl a/b ratio. In our case, however, there must be a proportional change in the total number of all light-harvesting Chl molecules rather than the light-harvesting Chl a/b protein alone.
In contrast to the good correlation of photosynthetic rates and RC,,, there is apparently no correlation between photosynthetic rates and PSI reaction centers (P700) (Fig. 7 ). There are a few reports in the literature showing correlation of photosynthetic rates and P700 (29, 37) but also some that show a lack of such correlation (23, 30) . This failure may arise from two different causes. At first, we thought of the possibility of inactivation of the P700 during chloroplast isolation and subsequent treatments. However, because we usually found high concentrations of P700, it is perhaps probable that only a fraction of all P700 is actively connected to PSII, as already has been suggested (16 (29, 37) , the (unmeasured) concentration of RCu also changes with the same general trend, as indeed was documented in one case (24) .
VARIABILITY OF PSII PSU SIZE
Having gained confidence in the analysis of the fluorescence induction, we applied it to a large arbitrary variety of species under normal growth conditions. We found that the ratio of total Chl/RCia has considerable variation. ratios were much less variable. In contrast to the variation among plant species, there are only limited variation (about ±10% around some average value) when leaves from the same species were examined. This last result stands in contradiction to the report of Schmid and Gaffron (32, 33) . They made an extensive study of photosynthesis in flashing light, which is thought to give a measure of the concentration of the reaction centers (although unable to differentiate between PSI and II). Their results were strange and unexplainable in that any given sample of the same plant gave different numbers of considerable variation grouped around an array of specified values in a range between about 100 to 8,000 (total Chl/reaction centers). There are many ways by which the flash method, as utiized in references 32 and 33, can be criticized. Without going into this, we believe that Schmid and Gaffron's (32, 33) results reflect complications in their experimental approach, such as the attenuation of the flash intensity through the leaf as well as uncontrolled dark CO2 fixation processes, depending on light due to enzyme activation and stomatal opening. Indeed, some of these complications did not appear in the flash measurements on algae (33) which gave constant numbers.
CRITICAL ANALYSIS OF FLUORESCENCE INDUCTION TECHNIQUE
A somewhat more detailed examiation of several aspects of the fluorescence induction technique in leaves and possible pitfalls follows.
Test of Equabon 7 by Use ofDifferent Waveengths. As outlined above, the use of actinic wavelengths having large extinction coefficients (es) introduce errors in determining the PSU size by equation 5 . This is also true for observation of fluorescence at wavelengths of low extinction coefficients (ef). In spite of this, many previous studies on fluorescence induction have been made at such wavelengths, without using the correction given in equation 7. To see whether our theoretical predictions are observed experimentally, we compared results for fluorescence induction times for various actinic wavelengths when fluorescence was measured either at 685 or 725 nm. (Table IV, compare the values for F or COr for the same exciting wavelength but for different emission wavelengths). Theory predicts that the apparent kinetics of long wavelength fluorescence from the entire leaf when ef << Ei is significantly slower than the kinetics for the idealized situation of a thin section of the leaf exposed to the same incident intensity. This is derived in Appendix II and demonstrated in Figure 8 . The extent of the increase in apparent induction time when the fluorescence is measured at 725 nm is nearly the same as that estimated from the mathematical treatment and from the values for To (cef Appendix I, equations 6A and 7A). This is seen by comparison ofthe calculated and observed values of the corrected induction times @cor) [ Table IV, half; compare -Tor and icor (calculated)]. Considering the above effect, it is evident that the spectral composition ofthe fluorescence should vary in time. Such variation was observed by Schreiber and Vidaver (34) but interpreted as arising due to real processes such as changes in distribution of energy between the two photosystems. This should be therefore reconsidered.
Ratio of 1 -(Fo/F,,,.) as Indicator for 42. In most of the plant species tested, the ratio of Fo/F,,m was usually less than 0.3, implying that 42 is higher than 0.7. There were a few special cases where the ratio Fo!Fm,,x was quite high (i.e. >0.5). One must bear in mind that part of the observed Fo does not necessarily reflect the quenched fluorescence state of PSII and may contain other contributions (i.e. PSI, nonconnected pigments, damaged units of PSII). In certain algae (e.g. blue-greens) the background fluorescence was found to be usually very high (Fo/Fmax, close to 1). In such cases, application of equation 8 is not appropriate, unless an independent way would be found to distinguish between the background and the truly PSII active fluorescence. A possible approach to assay how much Fo is "dead" is to analyze the lifetime of fluorescence and its relation to the fluorescence intensity during the induction period (22, 25) . This last approach should be developed as an additional tool in conjunction with the present method.
Fortunately, healthy higher plants are probably amenable to our analysis, having mostly small Fo/Fmaxc ratios. An arbitrary criterion, at present, would be to use equation 8 as far as FW/Fm. is less than or equal to about 0.7 and to discard all the other cases.
Effect of Light Scattering in Leaf: Comparison of Leaves to Chloroplasts. Our starting point that light is attenuated in passing through the leaf following a simple Beer-Lambert law (Appendix I) was probably too simplistic. Evidently, the leaf is a much more complicated optical sytem (8) , mainly because of the abundance and heterogeneity of light-scattering elements. It seems that there are three main ways that light scattering modifies the light flux distribution through its optical path: (a) back reflection of light from various deeper cross-sections of the leaf adds to the incident light intensity at the top part of the leaf (Thus, the light intensity is stronger than anticipated on the basis of incident light measurements only.); (b) direct reflection from the utmost top surface (e.g. the waxy cutin, leaf hairs, and epidermal cells) decreases the incident light intensity on the first layer of chloroplasts); (c) the angular distribution of light is changed by the scattering from an initial vertical direction to various shallower angles, increasing the effective optical path. This effect can be regarded as equivalent to an increase in the effective extinction coefficient (due to the increase in the average time of light passage through a given leaf layer). Effects a and c contribute to increased light absorption and, hence, to a shortening of the fluorescence induction time, whereas effect b contributes to the opposite. The following experiments show that in general all these scattering effects are insignificant in infiltrated leaves.
An artificial demonstration of the combined effects a and c was made on chloroplasts suspension into which increasing various concentration of light scattering material was added. Measurements of fluorescence induction in such suspension (Fig. 9a) showed that the induction time was gradually decreased as the scatterer concentration increased. The amount of scattering from these suspensions was specified in a quantitative way be measuring the total reflection and transmission in an integrating sphere and by correlating them to the fluorescence induction time (Fig. 9b) .
Assuming that the scattering effects are relatively small for a normal chloroplast suspension (ie. without any additional scatterer), it was of interest to check whether induction times from infiltrated leaves and isolated chloroplasts from the same kind of leaves will agree. In such a case this will imply that scattering effects in the infiltrated leaves are not so important. Table V when also the total reflection and transmission parameters of intact and infiltrated leaves are compared to those of isolated chloroplasts (cf. Fig. 9b ). Although an intact leaf is equivalent to a chloroplast suspension with an additional scatterer, the infiltrated leaf gave essentially identical reflection and transmission values as a normal suspension of isolated chloroplasts (i.e. without additional scatterer). One can conclude that, when water fills all the intracellular spaces, the scattering effect is very much reduced and, for our purposes, largely insignificant.
In the studies above, there were, however, some isolated exceptions of somewhat shorter induction times in leaves compared to isolated chloroplasts (Table V) . These cases are evidently due to increased scattering. The species Arcototis stoechadifolia is an example of such a case. Its leaf has a strong whitish hue which indicates a high ratio of scattering elements to pigments. The same situation occurs also for pea leaves grown in intermittent light. Such cases are usually quite isolated.
It was reported (35) , that the induction time obtained from the underside of a DCMU-infiltrated6 leaf is somewhat shorter compared to that obtained from the upperside. This was repeated by us again (Fig. 10) . Presumably this effect can be traced to a 'For leaves which were not treated with DCMU, there were much larger changes in the fluorescence induction times [time to attain peak P (Fig. 3) ] from the upper and under sides (35) . These changes reflect probably real differences in the plastoquinone pool sizes, caused by the adaptation to the different light environments on the two sides of the leaf (5, 6, 35 Appendix I: Calculation of fluorescence induction time from a leaf, assuming Beer-Lambert attenuation law for the exciting and fluorescence light (cJf Fig. 1 ).
The equation for the exciting intensity at depth I is: 1(l) = Io. l0ic (IA) where Io is the incident intensity, the wavelength is Ai, the extinction coefficient corresponding to this wavelength is ei, ahd c is the total Chl concentration (molar).
The fluorescence created at depth I from a layer of thickness dl is proportional to I(l), but the portion viewed by the detector is further attenuated by the factor 10-El/coaG. Hence:
where k is a proportionality factor. Besides the assumptions made in Appendix I, we also assume that the time dependence form of each contribution to the induction is exponential; this may be not quite exact (14) , but it is sufficient for the following illustration. For the case that the fluorescence is not attenuated, the contribution to the variable fluorescence from each layer (1) may be written: F(l)dl = kI(l)(l -e-6(3dl (8A) This equation expresses the fluorescence dependence on time as a decreasing exponential containing the factor I(l)t with a specific rate constant (11) which depends on the pool size of the reaction centers. The amplitude of each contribution is proportional to I(1), with a proportionality constant (k). Writing I(l) = IolO-ic", the total variable fluorescence is given by integration on 1. The integration is better carried out by the replacement of variables. Figure 6 , which compares the two functions, expressed by Equations 11 A and 13A.
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